Flash floods evolve rapidly in time, which poses particular challenges to emergency managers. One way to support decision-making is to complement models that estimate the flash flood hazard (e.g. discharge or return period) with tools that directly translate the hazard into the expected socio-economic impacts. This paper presents a method named ReAFFIRM that uses gridded rainfall estimates to assess in real time the flash flood hazard and translate it into the corresponding impacts. In contrast to other studies that mainly focus on individual river catchments, the approach allows for monitoring entire regions at high resolution. The method consists of the following three components: (i) an already existing hazard module that processes the rainfall into values of exceeded return period in the drainage network, (ii) a flood map module that employs the flood maps created within the EU Floods Directive to convert the return periods into the expected flooded areas and flood depths, and (iii) an impact assessment module that combines the flood depths with several layers of socioeconomic exposure and vulnerability. Impacts are estimated in three quantitative categories: population in the flooded area, economic losses, and affected critical infrastructures. The performance of ReAFFIRM is shown by applying it in the region of Catalonia (NE Spain) for three significant flash flood events. The results show that the method is capable of identifying areas where the flash floods caused the highest impacts, while some locations affected by less significant impacts were missed. In the locations where the flood extent corresponded to flood observations, the assessments of the population in the flooded area and affected critical infrastructures seemed to perform reasonably well, whereas the economic losses were systematically overestimated. The effects of different sources of uncertainty have been discussed: from the estimation of the hazard to its translation into impacts, which highly depends on the quality of the employed datasets, and in particular on the quality of the rainfall inputs and the comprehensiveness of the flood maps. (J. Ritter).
Introduction
Numerous flash floods (FF hereafter) occur across the globe every year. In Europe, a yearly average of around 50 FF-related fatalities is recorded (Sene, 2013) . Apart from posing a high danger to humans, economic losses in the range of several billion euros can be caused by individual events (CRED, 2016; EEA, 2010; Gaume et al., 2009) .
Typically, FFs occur in small to medium-sized catchments with steep slopes and prone to convective storms. This setting results in very short lag times between the causative rainfall and the discharge response in the stream channel -usually not more than a few hours (Georgakakos, 1986; Hapuarachchi et al., 2011) . This extremely sudden onset is one of the main drivers for the devastating potential of FFs (EEA, 2010; Sene, 2013; Spitalar et al., 2014) since it leaves only little time to coordinate flood response measures (e.g. evacuations or installations of non-permanent flood protection systems).
Early warning systems (EWS) can help to extend the anticipation horizon of FFs; the European Environmental Agency (EEA, 2010) argues that the improvement of EWSs is the most effective measure to reduce FF impacts. One way to improve EWSs is to increase the forecast skill (e.g. by improved rainfall estimation and forecasting). Another way is to include additional information into the EWS to enhance the decision support for the emergency responders (e.g. by simulating the response to the rainfall in the stream network). The latter was the motivation of several methods that forecast the FF hazard (e.g. the return period or discharge at predefined river sections; see Alfieri et al., 2019 Alfieri et al., , 2012 Corral et al., 2019; Gourley et al., 2014; Hapuarachchi et al., 2011 for reviews) .
Many of these studies used radar data as the source for the quantitative precipitation estimation (QPE). Although the radar provides rainfall estimates from indirect observations and thus it has limitations in terms of accuracy, the very high temporal and spatial resolutions of the radar measurements depict the high variability of convective storms that are often the cause for FFs (Alfieri et al., 2012) . Moreover, the radar QPE can be extrapolated to forecast rainfall for the coming few hours (nowcasting) with a higher accuracy than numerical weather prediction models (Berenguer et al., 2012) . There is great potential in combining radar nowcasting with hydrological models (for a review see Berne and Krajewski, 2013) . In the context of FFs, this idea was adopted in several studies to forecast discharge at a given location of interest (e.g. Berenguer et al., 2005; Blöschl et al., 2008; Javelle et al., 2014; Silvestro and Rebora, 2011) and trigger FF warnings. In monitored catchments, hydrological models can be calibrated to simulate the runoff behaviour well. In ungauged catchments (as often the case in areas prone to FFs), this calibration can only be done by parameter transfer from similar or parent catchments (e.g. Norbiato et al., 2008) , or with simplified models of estimating initial conditions, such as soil moisture accounting schemes (Javelle et al., 2010; Raynaud et al., 2015) .
The probably most prominent example of such hydrologically-based FF warning systems is the widely used Flash Flood Guidance method (FFG), which has been running operationally in the USA since the 1980s (Clark et al., 2014; Georgakakos, 2006 Georgakakos, , 1986 . This method triggers a warning for a given catchment when the forecasted rainfall exceeds the threshold that produces bankfull discharge at the catchment outlet. The threshold is dynamically updated depending on the initial conditions of the catchment, such as the soil moisture content.
An alternative way to generate FF warnings is to directly compare rainfall (both observed and forecasted) to fixed intensity-duration thresholds, without employing a full hydrological model; see Alfieri et al. (2019) for some examples. These methods do not require information on initial conditions and parameter calibration for individual catchments, and computation times are short. This makes these rainfallbased approaches attractive for real-time application over larger spatial domains. According to the GRADEX method, derived by Guillot and Duband (1967) from the analysis of long-term records of rainfall and discharge in France, the initial catchment conditions can be important for events with return periods below 10 years. For events with higher return periods, their impact on catchment response is generally smaller. Similar studies carried out by Wood et al. (1990) and Grillakis et al. (2016) supported this hypothesis, although Borga et al. (2007) and Marchi et al. (2010) found cases in which extremely dry or wet initial conditions played a significant role also during extreme flash floods.
An example of such a rainfall-based approach is the ERICHA system (European Rainfall-InduCed Hazard Assessment, originally named FF-EWS; see Alfieri et al., 2019; Corral et al., 2019; . By comparing (observed and forecasted) rainfall to climatological thresholds of basin-aggregated rainfall, the ERICHA system assesses the hazard by means of the exceeded return period over the drainage network. It has been running operationally for several years at the Water Agency of Catalonia (NE Spain; Corral et al. 2009 ) and it has been recently updated and applied at higher resolution in several regions in Europe in the context of the H2020 project ANYWHERE. The same system was also applied in the context of the ERICHA project to qualitatively estimate the FF hazard level at European scale and it has been running operationally in the European Flood Awareness System (EFAS) since 2017.
All of the previously mentioned approaches predict the hydrometeorological FF phenomenon in pure hazard terms (e.g. the peak discharge or the return period). As a base for organising flood response measures, the resulting socio-economic consequences need to be estimated, and this can be done by combining the hazard forecast with information about exposure and vulnerability of the area at risk. In current practice, this is mostly done non-automatically by the emergency managers during the event occurrence, which poses two issues (WMO, 2015) : Firstly, the nonautomatic impact estimation highly depends on the individual knowledge and experience of the person in charge, which potentially results in subjective, suboptimal decisions; secondly, this process is time-consuming and reduces the temporal margin to coordinate flood response measures. This is particularly problematic during FFs when every minute counts and potentially determines if a warning reaches the responders in time or not. Therefore, the WMO (2015) suggests the development of complementary approaches that automatically predict the socio-economic impacts that result from the hazard, which can enable more effective and faster emergency responses.
Several promising approaches have been developed for forecasting flood impacts in large rivers (e.g. Aldridge et al., 2016; Cole et al., 2016; Revilla-Romero et al., 2017) . The Rapid Flood Risk Assessment (Dottori et al., 2017) is running operationally in EFAS, covering all European rivers with a catchment area larger than 500 km 2 . In the field of FFs, forecasting impacts in real time is more challenging, since the location and intensity of the triggering rainfall system might develop quickly. Existing methods mostly aim at estimating specific impacts (e.g. the number of flooded properties or the flooding of the road network) to improve the decision-making in individual river catchments or relatively small regions (e.g. Le Bihan et al., 2017; Saint-Martin et al., 2016; Silvestro et al., 2019; Vincendon et al., 2016) . For authorities that act on larger scales, it can be useful to monitor impacts in entire regions or nations. Calianno et al. (2013) combined FFG hazard warnings with land use and population density maps to define and forecast qualitative impact levels in Oklahoma (USA). This represents a first benchmark for FF impact forecasting at regional scale. This paper describes a novel method (ReAFFIRM) for real-time assessment of quantitative FF impacts at regional scale and high resolution. The method is designed to be integrated into an EWS to provide emergency managers with information on the expected flooded area and the resulting impacts. This is achieved by combining FF hazard outputs with flood maps and exposure and vulnerability datasets that are nowadays publicly available in many locations (e.g. throughout Europe).
The objective of this work is to evaluate the capacity of ReAFFIRM to identify FF impacts. With this aim, its performance has been studied in the region of Catalonia (NE Spain), covering an area of more than 32.000 km 2 . ReAFFIRM has been run offline simulating real-time conditions, using post-processed radar QPE as input. Although ReAFFIRM is designed to be used for impact forecasting, this study evaluates the quality of the impact estimates (i.e. based on observed rainfall) to focus on the added value of the transformation of FF hazard into impacts.
All the elements involved in the assessment of FF impacts are subject to different sources of uncertainty. Several authors (Berenguer et al., 2011; Germann et al., 2009; Ntelekos et al., 2006; Yatheendradas et al., 2008; Zappa et al., 2010) discussed the underlying uncertainties of FF hazard assessment and forecasting. Among them, the errors in the rainfall estimation (and rainfall forecast) are quite significant and have a direct effect on the quality of FF hazard forecasts (Hapuarachchi et al., 2011) . The translation from hazards into impacts introduces additional uncertainties, whose effect on the final impact estimates is often even higher (Jonkman, 2007; Merz et al., 2007) ; these are mostly related to the empirical nature of flood exposure and vulnerability data, such as depth-damage curves (de Moel and Aerts, 2011). To mitigate the risk of misinterpretation of forecasts by the end users, it is essential to analyse and communicate the existing sources of uncertainty (Faulkner et al., 2007; Ramos et al., 2013; WMO, 2008) . Throughout this paper, the effects of some uncertainty sources affecting ReAFFIRM are discussed.
In Section 2, the individual components of ReAFFIRM are presented. The application and setup in the case study area of Catalonia (NE Spain) is described in Section 3. In Section 4, the simulation results for three significant FF events are compared to a variety of post-event impact evidences (including newspaper articles, insurance claim records, emergency calls, and social media postings), to analyse the performance of the overall system and identify uncertainties in the individual components. Finally, some conclusions on the capabilities and limitations of the method are drawn in Section 5. assessments of socio-economic FF impacts at regional scale. This is done by the following three main steps ( Fig. 1) : First, rainfall estimates are used as input to a FF hazard module that assesses the exceeded return period along a gridded drainage network. Then, a flood map module relates the return periods in the drainage network to high-resolution flood extents and depths. In the third step, an impact assessment module combines the high-resolution flood depths with socio-economic exposure and vulnerability information in the flooded area. The results are quantitative assessments of the population in the flooded area, economic losses, and affected critical infrastructure.
To ensure high practical value, the design of ReAFFIRM is subject to two constraints: i) applicability at regional scale, and ii) low computational cost to facilitate operation in real-time. To satisfy these constraints, two choices have been made: Firstly, for the hazard estimation, a rainfall-based approach has been selected, which ensures quick computation times (in contrast to complex hydrological models) and avoids the difficulty of calibrating parameters of numerous (often unmonitored) catchments. Secondly, for the estimation of the flood depths, a catalogue of pre-calculated flood maps has been employed, instead of doing hydraulic calculations in real-time, which is at regional scale computationally not feasible. ReAFFIRM uses the simulations of the ERICHA system to assess the FF hazard in the drainage network. The ERICHA system is rainfall-based and estimates the FF hazard in terms of the exceeded return period along the gridded drainage network, retrieved with a user-defined spatial resolution. The exceeded return period is computed at each stream cell by means of the rainfall averaged over the upstream drainage area (i.e. the basin-aggregated rainfall) and accumulated over a window equal to the concentration time of the upstream basin. The resulting basin-aggregated rainfall over this accumulation window is compared to basin-aggregated Intensity-Duration-Frequency (IDF) rainfall thresholds that are obtained from climatology. This comparison enables to determine the value of the exceeded return period in each cell of the drainage network. Fig. 2a shows an example of the resulting FF hazard output in a catchment.
Flash flood hazard estimation -The ERICHA system

Flood map module
The flood map module translates the exceeded return periods estimated by the ERICHA system into high-resolution flood extents and depths for the entire region. The base for this step is a catalogue of flood maps related to several return periods. Creating such a catalogue at regional scale, including also the small streams that are prone to FFs, is a tremendous amount of work out of the scope of this study. Instead, the already existing flood maps created by means of hydraulic modelling within the EU Floods Directive have been adopted; see European Commission (2015) for a summary of the methods used and the return periods available in each Member State). Each flood map from the catalogue contains flood depth values over a grid at very high resolution (typically 1-5 m). In ReAFFIRM, these maps have been upscaled to a coarser resolution (as a reference, 25 m) to be used in real time at regional scale. The resulting cells with an average flood depth exceeding 0 cm are referred to as "flood cells" in the following. Whereas the information about flood extents is freely accessible in all EU Member States, this is not always the case with the information on flood depths. In such cases, we have opted to assume a uniform value of flood depth.
The flood map module uses this catalogue as the base for translating the return period output of the ERICHA system into estimates of flood depths. With this aim, each of the high-resolution flood cells has been assigned to the nearest drainage network cell of the ERICHA system. In operation, the flood map module makes use of this assignment in the following way: If the ERICHA system identifies a significant value of exceeded return period in a given drainage network cell, all flood cells that are assigned to this drainage network cell are activated, and the flood depth values are retrieved from the flood map of the corresponding return period. Because the ERICHA system estimates the hazard in terms of exceeded (i.e. not exact) return period values, the flood depths of the corresponding return period represent the "lower bound". If the corresponding return period is not available in the catalogue, the flood depths of the next lower flood map are retrieved as the "lower bound". To compute an "upper bound", the flood depths of the next higher flood map in the catalogue are also retrieved. This is illustrated with an example of the input ( Fig. 2b ) and output ( Fig. 2c ) of the flood map module. For the drainage network cells with an exceeded return period value of T = 10 years, two flood maps are retrieved from the catalogue: the maps of T = 10 years (lower flood bound) and T = 50 years (upper flood bound, the next available return period in the catalogue of the given example, as indicated in the legend of Fig. 2a ). Downstream of the town of Agramunt, the exceeded return period decreases to T = 5 years ( Fig. 2b ). Since the catalogue does not contain any flood map for return periods smaller than 10 years, only the upper flood bound (T = 10 years) is computed ( Fig. 2c ). For exceeded return periods smaller than 5 years, no flood maps are retrieved.
The resulting output of this module covers the entire region with two high-resolution grids (i.e. lower and upper flood bounds) containing values of flood depth along the river reaches that are included in the flood maps catalogue.
Impact assessment module
The impact assessment module translates the flood extents and depths estimated by the flood map module into quantitative assessments of socio-economic impacts. This is done based on an automatic combination of the flood depths with information about socio-economic exposure and vulnerability in the flooded area. It has been decided to separate the impacts into categories that can be expressed in quantitative terms. ReAFFIRM considers the following impact categories:
(i) Population in the flooded area: For emergency responders, an estimation of the number and distribution of population in the flooded area can be useful, for instance, to coordinate evacuations. In each flood cell, the population density value is retrieved from a population density map. The result is a map showing the distribution and density of population in the flooded area (see Fig. 3 for an example). (ii) Economic losses: The economic losses are estimated by combining a) the simulated flood depths from the flood map module, b) a land use map, and c) depth-damage curves for all land use classes. The result is a map with loss values of € / m 2 within the flood extent. (iii) Affected critical infrastructures: Critical infrastructures include particularly vulnerable elements (e.g. schools or hospitals), and elements that can cause so-called "cascading effects" -their failure exacerbates impacts elsewhere, e.g. transportation infrastructure or power plants (Association of State Floodplain Managers, 2011; Schauwecker et al., 2019) . Indicating the potentially affected critical infrastructures during a FF can support the responders in the coordination of their actions (e.g. the activation of emergency and self-protection plans). The impact assessment module of Re-AFFIRM employs a geo-referenced database of critical infrastructures to identify those that are within the simulated flood extent. Apart from the type and location of the affected critical infrastructure, potentially available details such as the contact phone number can be automatically provided to the responders.
The estimations of the three impact categories are done for both the lower and the upper flood bounds obtained with the flood map module, resulting in two high-resolution impact outputs in each of the three categories. The high-resolution flood extents and the impact outputs can be used to support emergency management decisions at the local level, such as closing specific roads or disseminate warnings to specific neighbourhoods. When monitoring impacts over an entire region, a summary of the identified impacts at the municipality level can be useful (in particular given the time constraints during FFs). Table 1 and Table 1 provides the quantitative impact information of the lower and the upper bounds in each impact category (shown as ranges). For simplicity, the affected critical infrastructures are listed for the upper bound only. In Fig. 4 , the summary maps show the impacts corresponding to the upper bound (safe side) and highlight the municipalities potentially affected by flooding.
To give an idea of the moderate computational requirements of the method: starting from the corrected QPE, the computation of hazards and impacts for the situation shown in the left panel of Fig. 4 took around 5 min on a standard server.
Case study area and data
ReAFFIRM has been applied in the region of Catalonia (NE Spain). This area is frequently affected by FFs, especially during the autumn months, when the high surface temperatures of the Mediterranean Sea favour the formation of warm and moist air masses. When these air masses reach the coastline, they encounter in many locations steep terrain that forces them upwards, often resulting in high rainfall intensities. The steep terrain slopes and the high degree of urbanisation provoke very quick discharge responses in the drainage network (often not more than a few hours), which further shortens the available time to coordinate emergency response measures.
This section describes how ReAFFIRM has been applied in this study. Table 2 lists the different components of the method and summarises their resolutions.
Rainfall data and setup of the ERICHA system
The observations of the Creu del Vent radar (CDV; indicated in Fig. 6b ) have been used in this study. CDV is a single-polarisation, C-Band Doppler radar operated by the Meteorological Service of Catalonia (SMC).
A chain of QPE algorithms (for details see Berenguer et al., 2015; Corral et al., 2009 ) has been applied to reduce effects of beam blockage, eliminate ground clutter and convert radar measurements into surface rainfall estimates. By comparison with rain gauges (of the SMC network), a uniform adjustment factor has been estimated for each individual rainfall event to compensate for systematic radar underestimation. This has been done to reduce the uncertainty in the rainfall inputs (i.e. the major forcing of the method), since it is not the goal of this paper to replicate operational conditions, but to focus on the translation from FF hazard into impacts. The resulting radar QPE accumulations have a resolution of 1 km and 6 min; this time step has been adopted for the execution of the ReAFFIRM runs.
The current version of the ERICHA system implemented in Catalonia uses a drainage network resolution of 200 m. The computation of the exceeded return period values T = [0, 2, 5, 10, 25, 50, 100, 200, 500] years is based on the analysis of long-term raingauge records (Ministerio de Fomento, 1999) and done in the cells with an upstream drainage area between 4 and 2000 km 2 . The catchment concentration times have been estimated using the Témez (1978) formula. 
Flood maps catalogue
We have used the flood maps generated in the framework of the EU Floods Directive by the two catchment authorities with responsibility in Catalonia (i.e. the Catalan Water Agency and the Ebro Hydrographic Confederation). Their simulations (ACA, 2013; MAPAMA, 2013) are available for the return periods T = [10, 50, 100, 500] years and have been combined to create a catalogue of flood maps that covers the entire region. Flood depth data in Catalonia is publicly accessible in only a few river reaches, and not always reliable. Therefore, the flood maps catalogue has been created from the flood extent maps and we have assumed a uniform flood depth of 0.5 m in the flood cells for all return periods (as described in Section 2.2). A grid resolution of 25 m has been selected to depict the flood extent, as a compromise between sufficiently accurate representation and computation times that are suitable for real-time application (i.e. in the range of few minutes).
Socio-economic exposure and vulnerability data
The population density map has been created by combining three sources: In Catalonia, the map of Batista e Silva et al. (2013; reference year 2012; resolution 100 m) appears to be a good estimate for urban areas. In rural areas, it has minor gaps that were filled with values from Gallego (2010) . Finally, the Corine Land Cover (CLC2012; see EEA, 2013) has been applied to filter for population density values in inhabited land uses (residential, industrial, and commercial).
The base for the economic loss estimation is also CLC2012, which has been reclassified into the seven land use classes proposed by Huizinga et al. (2017) . For each land use class and each country in the world, Huizinga et al. (2017) developed a depth-damage curve to estimate the direct material losses. In this study, the curves for Spain have been selected without adjusting for economic inflation (Fig. 5 ).
For the estimation of affected critical infrastructures, a regional database has been employed. This database is currently under development within a cooperation between the Catalan Water Agency and the Catalan Civil Protection. Currently, the database includes schools and hospitals.
Results
ReAFFIRM has been tested for a number of FF events that occurred in Catalonia in the last 10 years. Out of those, three selected events are presented here to illustrate the capacities and limitations of the proposed approach. The three events affected different catchment types and showed differences in rainfall types, magnitudes, and temporal and spatial scales. Fig. 6 shows the overall rainfall accumulations of the events.
One of the challenges of the analysis of the results is the lack of systematic and quantitative impact information that can be used for validation. The only available source of this kind is a record of flood insurance claim data provided by the Consorcio de Compensación de Seguros (CCS, 2019) . This database summarises direct losses from all kinds of flooding, also from flood types that ReAFFIRM naturally cannot detect (e.g. pluvial flooding, which often coincides in time with FFs). Furthermore, only insured and actually claimed (residential, commercial, and industrial) losses are included in their records (as a reference, the flood insurance penetration rate of private homes in Catalonia is Table 1 and Fig. 3 ). Right: Impact summary map at the municipality level of Catalonia for the overall event (02-03 November 2015; corresponding to Table 3 ). Each municipality is coloured according to the upper bound of impacts (safe side) and the colours stand for: flooding of areas without significant risk (yellow), flood causing economic losses, but only in unpopulated areas (orange), and flooding of populated areas, which also implies the occurrence of economic losses (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) , 2017) ; losses related to public infrastructure or the agricultural sector are not included. In contrast, ReAFFIRM is designed to estimate the total direct losses. These fundamentally different characteristics of the simulation results and the available validation data impede a systematic and direct validation, e.g. by means of common indicators such as the probability of detection (POD) or the critical success index (CSI). Instead, the simulations have been evaluated qualitatively by comparing them with reported impacts after the event (mostly found in the media and social networks).
Event 1: Large-scale low-pressure front (2-3 November 2015) 1
On the 02-03 November 2015, a large-scale low-pressure front crossed Catalonia from SW to NE 2 and brought rainfall accumulations of up to 200 mm in 24 h (Fig. 6a ) that caused FFs and pluvial floods in several locations. CCS (2019) reported insured economic losses in 112 municipalities, of which the municipality of Agramunt (Lleida) was the most affected. Apart from significant economic losses mainly in the centre of Agramunt, two schools and one elderly home were flooded during the night. In contrast to the empty schools, people were sleeping in the basement of the elderly home. The warning reached the facility on the 03 November at 0303 UTC, when the Sió River had already started to flood the town. The basement could not be evacuated in time and four people died (Síndic, 2015) .
Performance of the ERICHA system
In Agramunt, the basin of the Sió River has an area of 310 km 2 (see Fig. 2a and 6a) and is relatively flat. The estimated (Témez) concentration time is 12 h. The simulated return period at this location surpassed T = 10 years at 1942 UTC (02 November; see Fig. 2 ), more than seven hours before the onset of the flood, and remained above this threshold until 0248 UTC (03 November). Over the entire event, the maximum return period simulated at Agramunt exceeded 25 years. A few small streams in rural areas to the west of the city of Lleida show return periods over 100 years (not shown), however no significant impacts were reported from these specific locations.
Performance of the flood maps module
In Agramunt, the simulated flood extent has been compared to a map of geo-referenced flood observations from post-event newspaper articles and social-media postings 3 , and 100% of the observed flood points are within the simulated flood extent (Fig. 3 ). This suggests that the combination of the ERICHA system and the flood map module performed well in this location.
Performance of the impact assessment module
The summary of impacts simulated by ReAFFIRM over the entire region and for the overall event is presented in Table 3 and the right panel of Fig. 4 (i.e. in each location, the highest impact of all time steps is displayed). ReAFFIRM identified widespread impacts throughout Catalonia, especially in the central part of the region. In total, impacts were simulated in 107 municipalities, of which the municipality of Agramunt shows the strongest signal in all three impact categories.
To introduce a more quantitative and systematic perspective into the validation, we have manually analysed the results across the region in the 37 municipalities with at least 25 k€ claimed losses (CCS, 2019) or 1 M€ simulated losses (upper bound) for this event. Summarising the results of this subjective analysis by municipalities allowed us to identify 13 hits (i.e. municipalities affected by floods, where ReAFFIRM estimated economic losses), 10 misses, and 14 false alarms. The reasoning behind these results and the underlying causes are presented in the Appendix.
In general, the simulated impact ranges between the lower and the upper bounds are very wide (there is often a factor of about 2 between the lower and the upper bounds of population in the flooded area or economic losses; see Table 3 ). This reflects a high degree of uncertainty. These wide ranges result from the coarse resolution of return periods in the flood maps catalogue (only four return periods are available; see Section 3.2 and Table 2 ).
Focusing again on Agramunt, the simulated range of 666-818 people in the flooded area seems realistic when comparing it to its overall population of 5,491 people (2015 census), and taking into account that a significantly large part of the town was flooded (about 15 -20% of the urban area; see Fig. 3 ). CCS (2019) reported 1.1 M€ of insured private losses in the municipality. Additionally, the media mentioned that the damages on public infrastructures amounted to 0.4 M€ 4 , resulting in overall recorded losses of 1.5 M€. Confronting this value with the simulated losses of 10 -14 M€ (Table 3) indicates that Re-AFFIRM clearly overestimated the economic losses.
The two affected schools in Agramunt 5 were correctly identified to be flooded. Although the elderly home is also located in the simulated flooded area (Fig. 3) , it was not explicitly captured by the impact assessment module, since the current infrastructure database includes only schools and hospitals (as mentioned in Section 3.3).
Event 2: Small-scale convective cells (24 September 2010)
In the afternoon of 24 September 2010, a few small convective cells developed in the coastal area around 50 km NE of Barcelona and remained stationary for around three hours 6 . The raingauge in Malgrat de Mar, a few km from the most affected area, accumulated 59 mm between 1500 UTC and 1900 UTC ( Fig. 6b and Fig. 7) . The affected catchments are very small (5 -17 km 2 ) and steep and have short For comparison between the accumulations in the raingauges and the corresponding radar pixels, panels a-c show the Pearson correlation (R), the ratio of total accumulations in raingauges (p) and radar pixels (q), and the number of raingauges (n) included in the analysis inside the indicated radar range (r). d) radar-raingauge-blending and raingauges (circles) for the same time span as in panel c. as reported by regional newspapers 7 . In total, the civil protection received 35 emergency calls in the area, mainly due to inundated homes and cars trapped in flooded roads.
The ERICHA system identified significant FF hazards in four locations ( Fig. 8 ):
• Santa Susanna was the most severely affected municipality during the event, according to the reported impacts (Table 4 ). However, the FF hazard estimated by the ERICHA system in the Riera de Santa Susanna exceeded only T = 2 years. This indicates a hazard underestimation in this location. The apparent reason is that the radar did not fully capture the high rainfall intensities in the small catchment, due to the far distance from the radar and probably path attenuation of the signal by the high rainfall intensities (Fig. 6b ). For reference, the radar QPE has been compared to the record of the nearest raingauge in Malgrat de Mar, around 3 km NE of Santa Susanna (see the location of the raingauge in Fig. 8 ). While the radar estimated a total accumulation of 27 mm at this location, the collocated raingauge measured 59 mm (Fig. 7) . This significant rainfall underestimation is responsible for the low return period (T = 2 years) simulated in Santa Susanna.
Since the estimated hazard did not reach T = 5 years, no flood extent was simulated and thus ReAFFIRM did not identify any impacts in this location. Imposing a return period of 5 years in the Riera de Santa Susanna (which corresponds better to the observed impacts), results in very significant simulated impacts (values marked with * in Table 4 ).
• In Calella, the hazard estimated by the ERICHA system is T = 5 years (which qualitatively seems to correspond to the reported impacts; see Table 4 ). However, no impacts were simulated because there are no flood maps available in this location. In Catalonia, such gaps in the flood maps catalogue often appear in areas with low socio-economic flood exposure. However, occasionally the gaps also affect small streams that can be significant for flood risk management, such as in this case the Riera de Calella with a catchment area of only 6 km 2 .
• In the municipality of Sant Cebrià, the ERICHA system estimated a return period of T = 10 years in the Riera de Sant Andreu (Fig. 8) . The area in the vicinity of this stream is very sparsely populated and impacts were neither reported after the event nor simulated by ReAFFIRM (no flood maps are available in this location).
• Towards the South, the Riera de Pineda shows return periods of 5 and 10 years (Fig. 8 ), which appears to be in line with the flood magnitude. ReAFFIRM translated this hazard into significant socioeconomic impacts in Pineda de Mar, as reported in Table 4 . Compared to Pineda de Mar's overall population of 21,381 (2010 census), the simulated upper bound of 8,577 people in the flooded area appears to correspond to the share of the town that is covered by the upper flood bound (around 50% of the urban area; see Fig. 9 ). However, only 35 emergency phone calls were recorded in the area 7 , which gives the impression that much less people were affected in reality.
• Similarly as in event 1, the simulated economic losses of 0.6-28.1 M € in Pineda de Mar are well above the insured losses of 0.1 M€ (Table 4 ). Significant losses were computed all across the upper flood bound (Fig. 9) . It can be observed that the uncertainty in the land use information impedes a reliable representation of the spatial variability of losses within the flooded area. For instance, the campsites were partly classified as commercial land use, resulting in higher simulated economic losses per m 2 than in the correctly classified residential areas in the town centre (i.e. although the employed dataset in general seemed to capture the real land uses reasonably well, we have observed a few local errors).
• The flooding of the national road N-II was correctly identified ( Fig. 9) , although the exact location has not been confirmed. Also the two campsites that were evacuated are clearly within the simulated upper flood bound. No reports have been found on possible inundations of schools or hospitals. -pressure system (17-18 November 2018) In the fall of 2018, Catalonia was hit by a series of rainfall episodes. One particular event was the result of a stationary low-pressure system that affected the NE part of the region during 17-18 November 8 . Rainfall accumulations of up to 176 mm in 24 h caused several streams to overflow. The regional newspapers and the Civil Protection reported the most important impacts in two locations:
Event 3: Stationary low
• In the municipality of Figueres: parts of the village of Vilatenim, the highway C-260, and large areas of agricultural lands were flooded by the Manol River. A total of 21 persons had to be evacuated from their flooded homes 9 .
• In the town of Llagostera (around 50 km south of Figueres): the Riera de Gotarra overflowed and around 40 houses 10 and several roads were flooded. The Civil Protection reported 32 emergency calls, of which 47% occurred between 0600 and 0700 UTC (18 November). The catchment upstream of Llagostera is relatively small (15 km 2 ) and steep, which caused a very sudden onset of the flood.
Performance of the ERICHA system
The most severely affected areas during this event are located more than 100 km far from the radar, which resulted in a relatively poor postprocessed radar QPE in these locations (Fig. 6c) . To make the result analysis of ReAFFIRM less dependent on the quality of the rainfall inputs, the QPE maps for this event have been created using the radarraingauge-blending technique of Velasco-Forero et al. (2009) , which imposes raingauge observations while benefitting from the ability of the radar to depict the variability of the rainfall field. The resulting total event accumulation is shown in Fig. 6d .
The simulated hazard in the Manol River is T = 2 years (Fig. 10a ). However, the Manol inundated wide areas 11 , which indicates an underestimation of the hazard in this location. As described in the introduction, the ERICHA system is purely rainfall-based, and initial conditions (e.g. the effects of soil moisture) are not considered. In medium-sized and moderately flat catchments such as the Manol upstream of Vilatenim (165 km 2 ), the initial conditions can play a crucial role in events of lower return periods Guillot and Duband, 1967) such as the present one. For this event, the simulations of EFAS showed that, in terms of the Soil Moisture Anomaly (SMA), the catchment was "much wetter" to "highly wetter than normal" (Fig. 11) . These circumstances favoured a high discharge in the Manol, although the triggering rainfall was not that exceptional for this particular area (the maximum in the catchment, captured by the raingauge indicated in Fig. 6c and 10a , measured 176 mm in 24 h). Since the simulated hazard remained below T = 5 years, no flood extent (and thus no impacts) were simulated in this location.
The simulated hazard in Llagostera reached its maximum of T = 5 years (Fig. 10b) at 0300 UTC, about 3 h ahead of the peak of the emergency calls recorded in this municipality.
Performance of the flood maps module
The flood extent at Llagostera was underestimated, as shown in Fig. 10c : All of the reported inundations are well outside the simulated upper flood bound, and some are even outside the original flood map of T = 100 years. This example illustrates a major limitation of Re-AFFIRM: The flood maps in the catalogue account only for inundations that originate from the stream channel. However, in reality, FFs often coincide with pluvial flooding, which occurs when the rain rate exceeds the infiltration capacity of the soil or the capacity of the sewerage system. This combination of two flood types was likely the case during this event, since the flood observations 12 show both, the overflowing stream and the accumulated non-moving water that is typically observed during pluvial floods. In such combined events, ReAFFIRM covers only the part of the inundation that is caused by the overflow of the stream. Fig. 9 .
Performance of the impact assessment module
The coexistence with pluvial flooding not considered by ReAFFIRM resulted in an underestimation of the impacts: The simulated impacts of 0 -2 people and 0-30,000 € in economic losses in Llagostera are certainly too low (Table 5 ). When simulating the impacts using the flood maps for return periods of 50 and 100 years (which corresponds better to the observed flood extent; see Fig. 10c ), ReAFFIRM estimates 110-220 people in the flooded area (marked with * in Table 5 ). This seems reasonable given the reported 32 emergency calls and 40 inundated houses described above. In contrast, the estimated economic losses of 1.3-3.2 M€ again appear to be very high, compared to the 0.2 M€ of insured losses (Table 5 ). This substantiates the systematic overestimation of economic losses found in the first two events.
As can be seen in Fig. 10a (see also Table 5 ), some less significant impacts were also detected along the Daró River, where the estimated return period exceeded T = 5 years in the municipalities of Gualta and Fontanilles. This is in line with the documented road closures and minor inundations in these two municipalities and in the surrounding areas along the Daró 13 .
Comprehensive discussion
The previously presented results illustrate some of the capabilities and limitations of ReAFFIRM. It has been shown that the different components of the method are subject to numerous sources of uncertainty. In this subsection, some of the effects of these uncertainties on the accuracy of the impact estimates are summarised.
Performance of the ERICHA system
The radar QPE depicts the space-time variability of the rainfall field with resolutions appropriate for FF monitoring. We have seen, though, that the QPE accuracy has a direct effect on the quality of the ERICHA hazard assessments (e.g. in event 2, the flooding in Santa Susana was missed due to rainfall underestimation). In this study, uniform correction factors have been applied a posteriori to the QPE to compensate for systematic radar underestimation, which would not be possible in an operational setting. The QPE quality can also be improved by blending the radar rainfall with raingauge measurements (as done in event 3). This method is applied in real time in Catalonia for certain applications (e.g. Corral et al., 2009 ), but it is affected by the availability of raingauge observations (in real time, raingauge data become available only with certain time delays, in the range of minutes to hours). In an operational setting, the quality of the QPE would therefore be lower than in this study, introducing additional uncertainty into the FF hazard and impact estimation.
In the most severely affected areas (e.g. the town of Agramunt in event 1), the ERICHA system appeared to deliver reliable FF hazard assessments. The system is purely rainfall-based, which implies that initial catchment conditions such as soil moisture are neglected. During extreme events (as a reference, those with return periods exceeding 10 years), this simplification is assumed to have a secondary effect on the performance of the hazard estimation, but in events of lower return periods, the role of the catchment conditions can become more relevant (e.g. in event 3, the flooding of the Manol River was missed due to high antecedent wetness of the catchment).
Performance of the flood maps module
The flood maps catalogue in Catalonia covers only a small number (4) of return periods (see Table 2 ). Flood maps with return periods below 10 years were not available, and smaller events (e.g. with return periods below 5 years) could not be translated into impacts. The low resolution of return periods in the flood maps catalogue was also responsible for the wide uncertainty bands in the impact estimates (e.g. in many municipalities in event 1, there was a factor greater than 2 between the lower and the upper bounds of affected population and economic losses; see Table 3 ). Lastly, in the case study region, the EU Floods Directive maps were not always reliable and occasionally did not include streams that are small but potentially represent a risk (e.g. in event 2, the flooding in Calella was missed due to the lack of flood maps for the affected stream). The accuracy and comprehensiveness of the flood maps are crucial for the performance of the method, and the review of the flood risks in the ongoing second cycle of the EU Floods Directive is expected to improve their quality.
Performance of the impact assessment module
The performance of the translation from flood extents and depths into socio-economic impacts depends highly on the quality of the employed exposure and vulnerability datasets. The assessments of population in the flooded area and affected critical infrastructures seem to perform reasonably well. In contrast, the economic loss estimation suffers from high uncertainty, as it uses a combination of several data sources -some of them highly uncertain due to their empirical nature. Land use maps and especially depth-damage curves are inherently subject to high uncertainty (Merz et al., 2007) . For instance, De Moel and Aerts (2011) quantified the uncertainties in the different components of flood damage models. They found that the influence of uncertainties in the land use data are moderate (a factor of 1.2 on the final loss estimates). In contrast, employing different sets of depth-damage curves from three different sources resulted in a factor of up to 4 on the loss estimates. Similarly, in our study, the uncertainty in the land use information was limited, and the large uncertainty in the loss estimation could mainly be attributed to the depth-damage information: With an assumed uniform flood depth of 0.5 m, the economic losses were overestimated by a factor of up to 10 in locations where the flood extent was simulated well (e.g. in event 1 in Agramunt). The employed depthdamage curves are linear for flood depths below 0.5 m (see Fig. 5 ). This means that, even when assuming lower flood depths, the large systematic overestimation of losses persists (e.g. an assumed flood depth of only 0.25 m would result in a loss overestimation by a factor of up to 5). This suggests that the systematic overestimation of losses originates from the uncertainty in the depth-damage curves. It is worth mentioning that Dottori et al. (2017) also used depth-damage curves from Huizinga et al. (2017) for estimating the impacts of large-scale river flooding in the Balkans. They also found high uncertainty in the loss estimates, but no systematic overestimation. One explanation for the systematic overestimation of losses in our study is that the depth-damage curves were created for large riverine floods that last a few days (Huizinga et al., 2017) , whereas FFs typically last for only a few hours. Thieken et al. (2005) concluded that buildings that are flooded for less than 24 h suffer much fewer damages than those flooded for 2 days or more, while Kreibich et al. (2009) argued that the high flow velocities during FFs have usually only a small effect on the economic damages. Another factor that might contribute to the overestimation of losses are the relatively low return periods of the presented events, as people in the affected locations may have experienced floods of similar magnitudes in the past and adopted measures to reduce impacts.
Conclusions
This paper presents a method named ReAFFIRM that aims at enhancing the available information for emergency managers during flash floods, by complementing flash flood hazard estimates with components that automatically assess the expected socio-economic impacts at regional scale. It has been designed to have a moderate computational cost to facilitate real-time implementation.
ReAFFIRM consists of three main steps: First, the rainfall estimates are processed by the ERICHA system that estimates the exceeded return period along a gridded drainage network with regional coverage. Then, the return periods are converted into high-resolution flood extents and depths, by applying a static catalogue of flood maps created in the context of the EU Floods Directive (European Commission, 2007) . Finally, the flood depths are automatically combined with socio-economic exposure and vulnerability information to assess the flash flood impacts in three categories: population in the flooded area, economic losses, and affected critical infrastructures.
The method has been applied in the region of Catalonia (NE Spain). The results obtained in three events show that ReAFFIRM correctly identified the locations of the most significant impacts (e.g. where casualties occurred). However, some locations with less severe impacts were missed. In locations where the flood extent was estimated well, the assessments of population in the flooded area and affected critical infrastructures corresponded to the observed impacts. Conversely, an accurate estimation of economic losses at regional scale is currently not attainable (at least given the available models and data). However, the presented results seem to suggest that the relative magnitudes of the estimated losses over the region can help to identify the areas that suffer the highest damages, although more evidence is needed.
In general, ReAFFIRM's performance is highly dependent on the quality of the employed datasets: The key sources of uncertainty include (but are not limited to) the quality of the QPE, the comprehensiveness of the flood maps catalogue, and the accuracy of the depthdamage information. Methodological aspects, such as the purely rainfall-based flash flood hazard estimation, introduce additional uncertainties.
The added value of complementing the ERICHA flash flood hazard system with the impact assessment components has been demonstrated: Using only the ERICHA system as decision support, emergency managers would likely not prioritise in their decisions the locations with the highest potential impacts, but the locations showing the highest return periods in the stream network. For instance, in event 1, the most severely affected municipality (Agramunt) has been identified by ReAFFIRM as the one with the highest impacts, although the return period in this location was significantly lower than in other parts of the region.
The validation of impact estimates is not straightforward, since post-event observations of flash floods are often qualitative, biased or incomplete. For instance, in all three presented events, there were no stream gauges or flood extent surveys available in the most affected locations. The database of economic losses used for validation in this paper (CCS, 2019) captures only private insured losses, and it does not distinguish between flood types (e.g. losses from pluvial flooding add noise to the data). Newspaper articles and social media postings contain useful information (e.g. for verifying the exact locations of the impacts), but they are scattered and often do not report the full range of occurred impacts. Recently, we have started to use additional validation sources, such as real-time emergency phone calls and crowdsourcing data to test ReAFFIRM in a continuous setting (Ritter et al., 2019) .
By design, transferring ReAFFIRM to other regions should be possible. The ERICHA flash flood hazard system has been recently implemented in real time in Switzerland, Liguria (NW Italy), and the island of Corsica (France), which was done in the framework of the EU H2020 project ANYWHERE . For the application of ReAFFIRM, the required flood maps (generated by the implementation of the EU Floods Directive) and the exposure and vulnerability data are publicly available with European coverage (note that a European database of critical infrastructures can be requested from Marin-Herrera, 2015) .
Finally, the use of ReAFFIRM for early warning would require adding the capability of forecasting the expected impacts, providing extra time to the emergency responders to make decisions. Complementing the radar rainfall observations with Quantitative Precipitation Forecast (from NWP models and/or radar-based nowcasting; see e.g. Berenguer et al., 2005; Liechti et al., 2013) would enable lead-times of up to a few hours in addition to the lag time of the Fig. 11 . Soil moisture anomaly (SMA) on 16 November 2018 (i.e. 1 day before the event). Data source: EFAS. The two red contours represent the catchment limits of the Manol River upstream of Vilatenim and the Riera de Gotarra upstream of Llagostera.
Table 5
Summary of simulated and reported impacts (17.11. − 18.11.2018) . The simulated impacts in Llagostera (marked with *) are the result of imposing the flood maps of T = 50 and T = 100 years as lower and upper flood bounds, which corresponds better to the observed flood extent (see Fig. 10c ). catchment. The performance of the resulting ReAFFIRM impact forecasting capabilities will be investigated in future work.
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The available flood impact records used in section 4 do not allow for a systematic quantitative validation of the impact assessments, which is why the results have been validated qualitatively in Sections 4.1-4.3. With the aim to include some more quantitative aspects into the validation, the results of the most severe event (Section 4.1) have been manually evaluated by comparison with the insurance claim records across the entire region (CCS, 2019) .
For the overall event, insurance claims were filed in 112 municipalities, while ReAFFIRM simulated economic losses in 107 municipalities. To enable a manual validation, the municipalities have first been filtered for those with at least 25 k€ claimed losses or 1 M€ simulated losses (upper bound) . This resulted in a list of 37 municipalities. The results in these municipalities have been analysed one-by-one to identify hits, misses and false alarms and their potential causes (Table S1 ).
In 13 of the 37 analysed municipalities, significant economic losses appear in both, the ReAFFIRM simulations and the insurance claims ("hits"). In 10 municipalities with significant insurance claims, ReAFFIRM did not identify any losses. These "misses" occurred for two reasons:
• No flood maps available: In four of the affected municipalities, the ERICHA system estimated significant return periods in streams close to residential, commercial, or industrial areas (which are the sectors covered in the insurance claim database). However, ReAFFIRM did not translate these return periods into economic losses, due to the lack of flood maps in these locations.
• Pluvial flooding: Insurance claims in six municipalities have been attributed to pluvial flooding, which (by design) is not detected by ReAFFIRM.
The criterion for the attribution to pluvial flooding was that the claimed losses occurred outside the 500-year flood extent. In locations where no flood maps are available, claims that occurred at a distance greater than 200 m from the closest stream have been assumed to be associated to pluvial flooding.
In 14 municipalities, ReAFFIRM estimated significant economic losses, although no insurance claims were recorded. These "false alarms" occurred for two reasons:
• Dry catchments: Along the Anoia River, ReAFFIRM produced false alarms in five municipalities. Before the event, the catchment was highly drier than normal (Fig. S1 ), which may have resulted in high initial rainfall losses that decreased the flood magnitude. Since the ERICHA system is rainfall-based and does not account for the initial conditions, it likely overestimated the return periods (exceeding T = 10 years) in this location.
• Upstream dam retention: False alarms were also generated downstream of dams in the rivers Cardener (5), Segre (2), and Noguera Ribagorçana (2) (see Fig. S1 ). The upstream dams may have disposed of buffer capacities to lower the hydrograph peaks during the event. This aspect is not taken into account in the hazard estimation by the ERICHA system, and might have resulted in overestimations of the return periods in the Cardener (T = 10 years), the Segre (T = 5 years), and the Noguera Ribagorçana (up to T = 25 years).
Table S1
Performance of the ReAFFIRM economic loss estimation in the municipalities for event 1 (Section 4.1), by comparison with the flood insurance claim database from Consorcio de Compensación de Seguros (CCS, 2019).
Performance Potential cause
Municipalities Totals 
